EvoChromo:towards a synthesis of chromatin biology and evolution by Drinnenberg, Ines A et al.
  
 
 
 
Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EvoChromo
Citation for published version:
Drinnenberg, IA, Berger, F, Elsässer, SJ, Andersen, PR, Ausió, J, Bickmore, WA, Blackwell, AR, Erwin, DH,
Gahan, JM, Gaut, BS, Harvey, ZH, Henikoff, S, Kao, JY, Kurdistani, SK, Lemos, B, Levine, MT, Luger, K,
Malik, HS, Martín-Durán, JM, Peichel, CL, Renfree, MB, Rutowicz, K, Sarkies, P, Schmitz, RJ, Technau, U,
Thornton, JW, Warnecke, T & Wolfe, KH 2019, 'EvoChromo: towards a synthesis of chromatin biology and
evolution', Development, vol. 146, no. 19. https://doi.org/10.1242/dev.178962
Digital Object Identifier (DOI):
10.1242/dev.178962
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Publisher's PDF, also known as Version of record
Published In:
Development
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 11. May. 2020
SPOTLIGHT
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A. Bickmore6, Alexander R. Blackwell7, Douglas H. Erwin8, James M. Gahan9, Brandon S. Gaut10, Zachary
H. Harvey11, Steven Henikoff12, Joyce Y. Kao13,14, Siavash K. Kurdistani15, Bernardo Lemos16, Mia T. Levine17,
Karolin Luger18, Harmit S. Malik12, José M. Martıń-Durán19, Catherine L. Peichel20, Marilyn B. Renfree21,
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ABSTRACT
Over the past few years, interest in chromatin and its evolution has
grown. To further advance these interests, we organized a workshop
with the support of The Company of Biologists to debate the current
state of knowledge regarding the origin and evolution of chromatin. This
workshop led to prospective views on the development of a new field of
research that we term ‘EvoChromo’. In this short Spotlight article, we
define the breadth and expected impact of this new area of scientific
inquiry on our understanding of both chromatin and evolution.
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Introduction
Chromatin is a complex of DNA, RNA and protein that is found
ubiquitously in both eukaryotes and prokaryotes (Alva and Lupas,
2018; Talbert et al., 2019). The evolution of histones (the primary
components of chromatin) and their association into nucleosomes
generates eukaryotic chromatin with a more diverse composition
and a more complex organization than that found in prokaryotes.
In addition to its primary function in packaging the genome in
eukaryotes, chromatin has acquired regulatory roles, including the
control of gene expression, cellular differentiation, cellular
metabolism and responses to environmental stimuli. Chromatin also
plays key roles in mediating DNA repair and recombination, defining
regional genomic identity, repressing selfish genetic elements and
mediating chromosome segregation. Recent explorations into the
biology of non-model organisms have revealed an unexpectedly
diverse chromatin components and mechanisms of chromatin-based
regulation. With the rapid emergence of newly sequenced genomes,
investigation of the evolutionary dynamics of chromatin has emerged
as a powerful and promising interdisciplinary field.
Fueled by insights from a recent The Company of Biologists
workshop on ‘Evo-chromo: towards an integrative approach
to chromatin dynamics across eukaryotes’, which was held in
November 2018, we discuss here the evolutionary dynamics of
chromatin composition and its impact on genome function and
evolution. We begin by proposing a model for the ancestral function
of chromatin in an early eukaryotic ancestor. We then summarize
and discuss recent reports that provide clues as to how chromatin
has shaped evolution, and vice versa. We conclude with an
overview of pioneering experimental and bioinformatic
technologies that will likely facilitate the study of chromatin in
an evolutionary context, and with a summary of the current
challenges and gaps in the field.
Ancestral functions of chromatin
The fundamental repeating unit of eukaryotic chromatin is the
nucleosome, which comprises DNAwrapped around a histone core
complex (Luger et al., 1997). In all organisms, histones share a
conserved histone fold domain, composed of three alpha helices,
that mediates both interactions with DNA and interactions between
histone dimers in the context of a nucleosome. These histone fold
dimers are the ancient building blocks from which tetramers,
hexamers and octamers can be built.
Histones have deep evolutionary roots and are found in all
eukaryotes studied to date. Furthermore, histone fold-containing
proteins have been found in all three major branches of archaea
(Bhattacharyya et al., 2018; Henneman et al., 2018). This deep
conservation indicates that histones are likely ancestral to archaea
and eukaryotes. Although histones are not present in bacteria,
several bacterial proteins contain one or two histone folds, arguing
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that an association between DNA and histone fold-containing
proteins likely evolved in the last universal common ancestor (Alva
and Lupas, 2018). Histones have also been identified in a group of
extant giant viruses suspected to represent ancestral viruses active in
a histone-containing proto-eukaryotic ancestor (Erives, 2017).
In extant archaeal species, histones mainly fulfil structural
functions in maintaining genome integrity (Bhattacharyya et al.,
2018; Henneman et al., 2018). This is consistent with the fact that the
majority of archaeal histones do not have histone tails (Bhattacharyya
et al., 2018; Henneman et al., 2018). In eukaryotes, histone tails are
subject to post-translational modifications and are associated with
regulatory roles. Still, given the sparse data on the role of archaeal
histones and their diversity, a regulatory function for archaeal
chromatin analogous to that of extant eukaryotic chromatin cannot be
ruled out, and has indeed been demonstrated in at least one instance
(Mattiroli et al., 2017). Clarifying these relationships must be a
priority for future studies on the phenotypic effects of chromatin
disruption in archaea.
While the role of histones in eukaryotes has mostly been
investigated in the context of chromatin, recent studies of histone
proteins outside of the nucleosome context have suggested a new
hypothesis for additional, and perhaps ancestral, functions for
histones. Early eukaryotic ancestors faced drastic changes to their
physical environment, which may be important considerations in
understanding the ancestral role of histones. Although oxygen levels
were lowwhen eukaryotes evolved (Lyons et al., 2014), once oxygen
levels rose, more and more metals became oxidized at various time
points, and organisms needed to reduce these into bio-usable forms.
A recent report proposed that a cysteine-histidine configuration
within the histone 3:histone 4 (H3:H4) tetramer, the ancestral form of
nucleosomal histones, is capable of reducing copper to its bio-usable
form for use by mitochondria or enzymes that use copper as a co-
factor (Attar et al., 2018 preprint). Based on this, it was proposed that
an association between DNA and histones might have evolved in
order to protect DNA from reactive oxygen through the reducing
activity of histones. The resulting nucleoprotein complex may have
then acquired a novel role in packaging the genome and protecting its
integrity from biotic and abiotic injuries.
It is also likely that the genomes of early eukaryotes and archaea
were not as complex as those of extant eukaryotes, precluding a
requirement for complex transcriptional regulation. Therefore, the
regulatory function of chromatin may have evolved alongside
increases in genome size and complexity. Hence, chromatin
components may have diversified to fulfil more specialized roles
in gene regulation, maintenance of genome integrity, DNA repair
and inheritance, all of which we can observe in extant organisms.
Mechanisms of chromatin evolution
How did chromatin diversify? Gene duplications and gene losses are
a recurrent theme in evolution and may have played a role in
changing the repertoire of chromatin components. The repertoire of
histone isoforms has diversified over evolutionary time, leading to
functional specialization of histone variant classes (Talbert et al.,
2012). Strikingly, in several cases this has resulted in the convergent
evolution of similar amino acid motifs that are associated with
specific regulatory roles. For example, the ‘SQ motif’ found in the
tails of H2A.X, a histone variant involved in DNA repair, has
convergently evolved in other H2A variants (Malik and Henikoff,
2003; Talbert and Henikoff, 2010). In Drosophila, the SQ motif is
found in the tail of H2A.Z, whereas in Arabidopsis it is found in the
tail of some members of the H2A.W family. In both organisms, the
motif becomes phosphorylated upon DNA damage, like H2A.X,
implying a conserved function for this motif (Friesner et al., 2005;
Lorkovic ́ et al., 2017; Madigan et al., 2002). As a further example of
convergent evolution, the heterochromatin-associated histone
variants H2A.W and macroH2A recruited the KSPK motif in their
C-terminal tail in plants and animals, respectively (Kawashima
et al., 2015). However, the series of molecular steps leading to the
convergent evolution of identical functional motifs in different H2A
histone fold domains remains open to speculation.
Rapid protein sequence evolution, which is frequently associated
with chromatin components participating in genetic conflicts
(discussed below), can also act as a driving force to diversify
chromatin. For example, whereas most core histones (H2A, H2B,
H3 and H4) are under purifying selection and are conserved across
large evolutionary distances, the centromeric H3 variant (CenH3)
has undergone rapid evolution, leading to incompatibilities between
CenH3 variants even between closely related species (Maheshwari
et al., 2015; Malik and Henikoff, 2001).
Novel chromatin components with specialized functions can also
evolve from existing components. An example of rapid gene
turnover is the evolution of heterochromatin protein 1 (HP1)
proteins in flies, where prolific gene gains and losses might be
driven in part by karyotypic changes in these organisms (Levine
et al., 2012). Orthologs of HP1 can be identified by the presence of a
chromodomain and a chromoshadow domain that bind to
methylated H3K9 or H3K27 (Berke and Snel, 2015). Importantly,
orthologs of HP1 acquired different domains and distinct targets in
plants and animals (Wang et al., 2018).
Another intriguing example of convergent evolution is the
multiple independent origins of protamine-like proteins, which are
found in animal and plant sperm and which evolved from linker
histone H1 (Eirín-López and Ausió, 2009; Kasinsky et al., 2011). In
the bryophyte Marchantia, cleavage products of a histone H1
precursor resulted in three protamine-like proteins (Higo et al.,
2016; Kasinsky et al., 2014). In some tunicates, by contrast,
protamine-like proteins are derived from frameshift mutations
within H1 that generate arginine-rich proteins from their lysine-rich
precursors (Eirín-López and Ausió, 2009). As arginine is better able
to complex water, these arginine-rich proteins allow sperm
chromatin to be compacted more tightly.
Taken together, these findings highlight that numerous
mechanisms likely led to chromatin diversification, raising the
question of what evolutionary forces drive diversification and what
their effects are on the fitness/phenotype of an organism?
What drives chromatin diversification?
The increasing size and complexity of genomes might act as major
drivers that help to define different functional regions. Genomes
have expanded primarily due to changes in ploidy and the massive
expansion of repetitive elements, leading to an increase in gene and
transposable element (TE) families. Given these changes, it is
conceivable that chromatin also diversified to regulate different
parts of the genome according to their function (i.e. endogenous
gene regulation versus the regulation of centromeres and telomeres),
as well as mitigating potential threats (i.e. via the suppression of TEs
and ectopic recombination between repetitive elements). An
intriguing example of co-evolution between genome structure and
chromatin composition comes from comparative studies of histone
H2A. Genome size correlates with the number of positively charged
amino acids in the tail of H2A, a property that enables more efficient
chromatin compaction (Macadangdang et al., 2014). More broadly,
genome size also correlates with the diversification of H2Avariants
(Macadangdang et al., 2014). Together, this suggests that histone
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H2A variants may have evolved to facilitate genomic compaction
and stability, in order to address the challenges of an expanding
genome. Furthermore, it has been proposed that histone variants
form a functional topographic code (i.e. with domains enriched in
specific variants corresponding to transposons, promoters,
enhancers, gene transcriptional activity, etc.) (Hake and Allis,
2006; Millar, 2013). This idea receives support from studies in
plants, which deposit nucleosomes containing only a single type of
H2Avariant in different genomic contexts, with each variant having
distinct biophysical properties (Osakabe et al., 2018; Yelagandula
et al., 2014). However, it remains to be shown whether this code is
sufficient to define the functions or properties of the domains
marked by each type of variant.
Concomitant with genome complexity and increased transposon
load, genomic conflict is another major driver of chromatin
evolution. Conflicts arising between centromeres elegantly
illustrate this point (Henikoff et al., 2001; Kursel and Malik,
2018). The rapid evolution of centromere identity proteins and
centromeric DNAwas proposed to arise from female meiotic drive.
In this scenario, which applies to many groups of eukaryotes, only
one of the four female meiotic products develops into an egg,
whereas all four male meiotic products are used to produce sperm.
In females, this imbalance creates competition for centromeres to
distort chromosome segregation in such a way that biases their
inclusion into the final gamete. In contrast, an imbalance in
centromere strength in male meiosis could lead to increased non-
disjunction and meiotic stalling, resulting in either reduced fertility
or sterility. According to the centromere drive model, it is the rapid
evolution of centromere-associated proteins that restores meiotic
parity caused by selfish centromeric DNA (Henikoff et al., 2001;
Kursel and Malik, 2018). In addition to rapid protein sequence
evolution, duplication and specialization of centromeric proteins
could act as evolutionary strategies that allow one paralog to act as a
drive suppressor in the male germline, while the other functions as
the canonical centromeric component (Kursel and Malik, 2017).
Conflicts have also been hypothesized or demonstrated in the case
of telomeres, TEs and sperm. In each case, genetic conflict has
generated an arms race between intra-genomic elements. For
example, TE-driven conflict has been shown in Arabidopsis
(Hosaka et al., 2017), Drosophila (Andersen et al., 2017) and
mammals (Molaro and Malik, 2016). In Arabidopsis, a TE-encoded
anti-silencing protein evolved to hypomethylate DNA on TEs from
distinct groups, allowing the propagation of TEs while causing
minimal host damage (Hosaka et al., 2017). In Drosophila gonads,
Moonshiner, a paralog of a basal transcription factor IIA (TFIIA)
subunit, causes transcription of PIWI-interacting RNA (piRNA)
clusters from within TE-rich loci (Andersen et al., 2017). In
mammals, transcription factor-binding sites and RNA-binding
proteins are selected to control selective classes of TEs (Attig et al.,
2016; Bulut-Karslioglu et al., 2014; Ecco et al., 2017). Selfish
elements or parts of these can, in turn, also shape the chromatin
landscape by adopting host functions. In mammals, for example,
endogenous retroviruses or long terminal repeats can be co-opted as
promoters and enhancers associated with their specific histone
modifications (Chuong et al., 2013; Friedli and Trono, 2015).
These examples highlight the multiple and diverse selfish elements
that can shape the evolution of chromatin components and their
regulation.
Extrinsic abiotic factors, such as temperature, metabolic fluxes and
exposure to DNA damage reagents, can also select for changes in
chromatin. Indeed, chromatin-based packaging is known to be
sensitive to exposure to abiotic stress (Probst and Mittelsten Scheid,
2015). Therefore, the evolution of particular biophysical features in
chromatin components might help organisms to cope with different
extrinsic conditions. Extrinsic biotic factors such as spermcompetition
may also shape chromatin. In humans, protamines have been shown to
play a role in sperm head morphology, which in turn is an important
determinant of male fertility (Belokopytova et al., 1993; Cree et al.,
2011). Sperm competitionmay therefore drive the sequence evolution
and whole-gene turnover observed in protamine and protamine-like
proteins (Lüke et al., 2016; Martin-Coello et al., 2009).
Together, these intrinsic and extrinsic factors contribute to
driving the diversification of chromatin composition and its
regulation. Identifying and better characterizing such mechanisms
of chromatin diversification will enable us to provide insight into the
origin of novel and complex features of chromatin across eukaryotic
evolution. Although genetic work under laboratory conditions is of
invaluable impact, it will be necessary to directly assess the impact
of the natural environment on chromatin evolution using population
genetics. For example in Arabidopsis, genome-wide association
studies have identified loci controlling DNA methylation in the
context of adaptation (Dubin et al., 2015), validating the importance
of this type of strategy.
How does chromatin affect the evolution of genomes?
Chromatin components are not only the target of selective
constraints but can also impact the evolutionary dynamics of the
genome. For example, as the whole genome is under the regulation
of multiple levels of chromatin factors (i.e. histones are incorporated
genome-wide), mutations affecting chromatin regulators have the
potential to cause a plethora of phenotypic changes. A change in
protein sequence, the gain of a new component or the loss of an
existing chromatin component could therefore lead to large
structural changes in the genome. One example of this is the
recurrent loss of centromeric histone H3 variants, which has been
shown to influence centromere organization in insects (Drinnenberg
et al., 2014). A second relevant observation is the convergent
evolution of the SQ motif in different histones across multiple
organisms (Malik and Henikoff, 2003; Talbert and Henikoff, 2010),
which may influence local DNA repair efficiencies across the
genome, and hence influence mutation rate.
In addition, epigenetic changes occur at a faster rate than genetic
changes (i.e. before their consolidation as a genetic DNA sequence
change) (Prakash and Fournier, 2018). Furthermore, many of the
genomic regions that are frequently involved in rapid chromatin
evolution (e.g. centromeres and telomeres) function as a chromatin
state per se, epigenetically defining a stretch of DNA that does not
contain genes, which might free these regions of additional selective
constraints. This may lead to accumulation of selfish elements that
engage with host factors and shape their rapid evolution.
Potential genome-wide consequences associated with changes in
chromatin components would likely cause significant and abrupt
changes in phenotype. This could be particularly important in cases
of rapid environmental change, as the rate of organismal evolution
would correspondingly accelerate. This is illustrated by independent
losses of the same type of chromatin regulation across independent
lineages, which likely caused large-scale, rapid phenotype
evolution. These observations raise the issue of whether common
selective pressures act across the tree of life to shape particular
chromatin features. An intriguing example is the loss of gene body
methylation, or DNA methylation, in multiple eukaryotic lineages
(Bewick and Schmitz, 2017; Muyle and Gaut, 2018; Takuno et al.,
2016). What are the connections between species that have lost this
type of epigenetic mark? One potential explanation comes from a
3
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recent study showing that DNA methyltransferase activity can be
harmful as it can introduce toxic lesions into DNA, and that this
toxicity may therefore have promoted the loss of DNA methylation
in multiple lineages (Rošic ́ et al., 2018). Similarly, the independent
occurrence of holocentric architectures in multiple eukaryotic
lineages (Melters et al., 2012) might have been driven by a
similar selective advantage associated with this type of centromere
organization. These types of questions are becoming increasingly
tractable as phylogenomic data increases alongside an increasing
number of model species.
From a more locus-specific perspective, multiple lines of
evidence, from biochemistry to comparative genomics, indicate
that chromatin influences the local mutation rate (Chen et al., 2012;
Prendergast and Semple, 2011; Tolstorukov et al., 2011; Warnecke
et al., 2008). The formation of nucleosomes, the presence of specific
histone marks and the binding of transcription factors have been
found to affect the incidence of DNA lesions, as well as DNA repair
efficacy, leading to chromatin-dependent variability inmutation rates
across the genome, which can also be observed as local differences in
variation at the population level (Makova and Hardison, 2015).
Along similar lines, chromatin affects the insertion probabilities of
TEs, thus influencing how selfish genetic elements spread across the
genome and also perhaps how genes spread horizontally across
genomes (Huisinga et al., 2016; Lesage and Todeschini, 2005;
Quadrana et al., 2018 preprint). In a likely related manner, the nature
of chromatin strongly affects recombination landscapes (Székvölgyi
et al., 2015). Therefore, chromatin affects the mutation rate, the raw
material of evolution, over a variety of scales.
Given its impact on the composition and organization of the
genome, chromatin is expected to affect evolvability. As
nucleosomes mask access to transcription and other regulatory
factors, mutations that arise within chromatin-silenced regions
might frequently have cryptic effects, exposed only when the local
chromatin landscape is disturbed (Lehner et al., 2006; Tirosh et al.,
2010). However, chromatin-mediated evolvability is seemingly
highly dependent on genetic backgrounds (Richardson et al., 2013).
Finally, chromatin components can also affect evolution
independently of their DNA packaging function. For example, it
is conceivable that the abundance of methyl, acetyl and ubiquitin
groups, common forms of histone modification, impact metabolic
and protein homeostatic pathways, and act as metabolic capacitors
affecting the evolvability of metabolic fluxes. However, although
attractive, there is currently little concrete support for these
hypotheses, as answering such questions requires experimental
set-ups or datasets that are not available to date.
Opportunities and technical limitations for the study of
chromatin evolution
The expansion of single cell technologies and new strategies to study
chromatin accessibility, structure and composition opens up major
opportunities for studying the evolution of chromatin (Fraser et al.,
2015). In particular, techniques like ATACseq (Buenrostro et al.,
2013) and CUT&RUN (Skene and Henikoff, 2017) are broadly
applicable to non-model species with otherwise limited genetic
resources. New quantitative technologies, such as Mint-ChIP (van
Galen et al., 2016), promise to facilitate comparative studies across
species. The application of these technologies in more species will
provide a broader phylogenetic context to studies of chromatin
evolution. In particular, the current growth of single cell techniques to
analyze chromatin [e.g. single cell ATACseq (Buenrostro et al., 2015)
and chromatin profiling by chromatin integration labelling (ChIL;
Harada et al., 2018)] opens up newavenues for investigating variation
in chromatin landscapes, not just across species but also between
cells in a single species and even within tissue/cell types. Beyond the
linear organization of the genomes, the 3D structure of chromatin
impacts transcription and can now be routinely assessed using HiC
(Lieberman-Aiden et al., 2009). This technique, broadly validated by
the orthogonal approach of genome architecture mapping through
sequencing thin slices of nuclei (Beagrie et al., 2017), enables
contacts between distant regions of chromatin to be mapped. These
include enhancer-promoter contacts that are key transcriptional
controls during development. The further standardization of 3D
mapping (Marti-Renom et al., 2018) will render these techniques
applicable to a broad array of species.
Given the expansion and potentially broad applicability of tools in
this space, it seems that our progress in understanding the evolution of
chromatin arises primarily from challenges associated with resources
relating to individual species. For example, a full chromosomal
assembly of the genome is required in order to identify the presence
or absence of components of the chromatin machinery, and therefore
the lack of high-quality genome assemblies in key phylogenetic
positions remains an outstanding issue. In fact, there is no doubt that
there are highly informative groups of species that are completely
unstudied owing to a lack of available genomics resources. However,
these phylogenetic ‘missing links’ will likely be resolved over time,
given the ever-increasing easewithwhich genomes can be sequenced
and assembled.
Likewise, establishing new experimentally tractable model
organisms represents a major bottleneck. The advent of CRISPR-
based methods goes some way to alleviating this problem, by
providing a tool for directly manipulating chromatin factors and
genomic regions of choice. Yet addressing evolutionary questions
in the organismal context still remains challenging. Some species
are difficult to maintain under laboratory conditions, whereas others
are not amenable to gene targeting methods. Some species-specific
problems can be overcome by studying chromatin in vitro. However,
there are currently limitations to reconstructing and studying
chromatin dynamics and regulation in vitro, owing to the
complexity of the molecular components involved and the
dynamic nature of chromatin-related processes. Another aspect
that must also be considered is the challenge faced by a single
research group in studying biological processes at the molecular,
organismal and evolutionary scales. Therefore, it will not only be
advantageous but essential to establish more connections between
individual laboratories with unique expertise and backgrounds in
order to foster interdisciplinary collaborations and the exchange of
knowledge and expertise.
Conclusions and perspectives
Evolutionary perspectives have fundamentally enriched our
conceptual and mechanistic understanding of developmental
biology (Brakefield, 2011; Moczek et al., 2015). Likewise, an
evolutionary approach to studying cell biology has also been
advocated (Lynch et al., 2014). From an evolutionary perspective,
chromatin components occupy an idiosyncratic status. They are the
products of evolution but they also have a broad impact on
evolutionary mechanisms, which can take place at different scales.
Chromatin is the substrate that packages genes and, as such, chromatin
regulates the mode of action of evolutionarymechanisms and impacts
evolvability. Across generations, chromatin-based mechanisms such
as imprinting and silencing affect the long term modulation of
genome expression and extend genetic rules beyondMendelian laws,
thus having the potential to modulate selective pressures. As we have
highlighted here, this emerging field of ‘EvoChromo’ not only
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extends chromatin biology from an evolutionary perspective but is
also expected to unravel new evolutionary mechanisms that are
directly influenced by chromatin. New technological advances and
increasingly available data from a broader range of organisms will
greatly expand the impact of this field in coming decades. We hope
that EvoChromo studies will not only provide fresh perspectives on
the evolution of living organisms, but will also enable us to use this
new knowledge to better understand and respond to rapid changes in
our planet’s environment.
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Lettres (ANR-10-IDEX-0001-02), the Institut Curie and the European Research
Council (CENEVO-758757) and a Gatsby Charitable Foundation studentship
(GAT3401) to A.R.B. J.Y.K.’s research was supported by the National Institute of
General Medical Sciences of the National Institutes of Health (5 F32GM116321-02).
J.M.G. is funded by a grant to Fabian Rentzsch from Norges forskningsråd
and the University of Bergen (251185). P.S. and T.W. are funded by the
National Science Foundation (IOS-1542703 to B.S.G.) and by the Medical
Research Council. Z.H.H is funded by a National Institutes of Health training
grant (T32GM113854). F.B. is supported by the Fonds zur Förderung der
wissenschaftlichen Forschunggrant (P28320-B21). P.R.A is supported by a
Novo Nordisk grant (NNF14OC0009189). S.K.K is supported by a W. M. Keck
Foundation award and National Institutes of Health grant (CA178415). H.S.M. is
supported by the National Institute of General Medical Sciences of the National
Institutes of Health (GM074108) and is an investigator of the Howard Hughes
Medical Institute.
References
Alva, V. and Lupas, A. N. (2018). Histones predate the split between bacteria and
archaea. Bioinformatics. doi:10.1093/bioinformatics/bty1000
Andersen, P. R., Tirian, L., Vunjak, M. and Brennecke, J. (2017). A
heterochromatin-dependent transcription machinery drives piRNA expression.
Nature 549, 54-59. doi:10.1038/nature23482
Attar, N., Campos, O. A., Vogelauer, M., Xue, Y., Schmollinger, S., Mallipeddi,
N. V., Cheng, C., Yen, L., Yang, S., Zikovich, S. et al. (2018). The histone H3-H4
tetramer is a copper reductase enzyme. bioRxiv. doi:10.1101/350652
Attig, J., Ruiz de Los Mozos, I., Haberman, N., Wang, Z., Emmett, W., Zarnack,
K., König, J. and Ule, J. (2016). Splicing repression allows the gradual
emergence of new Alu-exons in primate evolution. Elife 5, e19545. doi:10.7554/
eLife.19545
Beagrie, R. A., Scialdone, A., Schueler, M., Kraemer, D. C. A., Chotalia, M., Xie,
S. Q., Barbieri, M., de Santiago, I., Lavitas, L.-M., Branco, M. R. et al. (2017).
Complex multi-enhancer contacts captured by genome architecture mapping.
Nature 543, 519-524. doi:10.1038/nature21411
Belokopytova, I. A., Kostyleva, E. I., Tomilin, A. N. and Vorob’ev, V. I. (1993).
Human male infertility may be due to a decrease of the protamine P2
content in sperm chromatin. Mol. Reprod. Dev. 34, 53-57. doi:10.1002/mrd.
1080340109
Berke, L. and Snel, B. (2015). The plant Polycomb repressive complex 1 (PRC1)
existed in the ancestor of seed plants and has a complex duplication history. BMC
Evol. Biol. 15, 44. doi:10.1186/s12862-015-0319-z
Bewick, A. J. and Schmitz, R. J. (2017). Gene body DNA methylation in plants.
Curr. Opin. Plant Biol. 36, 103-110. doi:10.1016/j.pbi.2016.12.007
Bhattacharyya, S., Mattiroli, F. and Luger, K. (2018). Archaeal DNA on the histone
merry-go-round. FEBS J. 285, 3168-3174. doi:10.1111/febs.14495
Brakefield, P. M. (2011). Evo-devo and accounting for Darwin’s endless forms.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 2069-2075. doi:10.1098/rstb.2011.
0007
Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y. and Greenleaf, W. J.
(2013). Transposition of native chromatin for fast and sensitive epigenomic
profiling of open chromatin, DNA-binding proteins and nucleosome position. Nat.
Methods 10, 1213-1218. doi:10.1038/nmeth.2688
Buenrostro, J. D., Wu, B., Litzenburger, U. M., Ruff, D., Gonzales, M. L., Snyder,
M. P., Chang, H. Y. and Greenleaf, W. J. (2015). Single-cell chromatin
accessibility reveals principles of regulatory variation. Nature 523, 486-490.
doi:10.1038/nature14590
Bulut-Karslioglu, A., De La Rosa-Velázquez, I. A., Ramirez, F., Barenboim, M.,
Onishi-Seebacher, M., Arand, J., Galán, C., Winter, G. E., Engist, B., Gerle, B.
et al. (2014). Suv39h-dependent H3K9me3 marks intact retrotransposons and
silences LINE elements in mouse embryonic stem cells. Mol. Cell 55, 277-290.
doi:10.1016/j.molcel.2014.05.029
Chen, X., Chen, Z., Chen, H., Su, Z., Yang, J., Lin, F., Shi, S. and He, X. (2012).
Nucleosomes suppress spontaneous mutations base-specifically in eukaryotes.
Science 335, 1235-1238. doi:10.1126/science.1217580
Chuong, E. B., Rumi, M. A. K., Soares, M. J. andBaker, J. C. (2013). Endogenous
retroviruses function as species-specific enhancer elements in the placenta. Nat.
Genet. 45, 325-329. doi:10.1038/ng.2553
Cree, L. H., Balhorn, R. and Brewer, L. R. (2011). Single molecule studies of DNA-
protamine interactions. Protein Pept. Lett. 18, 802-810. doi:10.2174/
092986611795713943
Drinnenberg, I. A., deYoung, D., Henikoff, S. and Malik, H. S. (2014). Recurrent
loss of CenH3 is associated with independent transitions to holocentricity in
insects. eLife 3, e03676. doi:10.7554/eLife.03676
Dubin, M. J., Zhang, P., Meng, D., Remigereau, M.-S., Osborne, E. J., Paolo
Casale, F., Drewe, P., Kahles, A., Jean, G., Vilhjálmsson, B. et al. (2015). DNA
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